Suspension cultured cells of the liverwort Marchantia paleacea var. diptera (MpK) were investigated to clarify the relationship between morphogenesis and the mode of utilization of nitrogen sources in different media. MpK cells grew vigorously in a Murashige and Skoog's liquid medium with 4% glucose in the light condition. Thallus regeneration from cultured cells occurred in culture medium with 0.5% glucose and 0.1% CaCO3 or 10mM malic acid. Addition of CaCO3 or malic acid to the medium was necessary to prevent the pH of the medium dropping rapidly to a very acidic value over the duration of the culture. The cause for the extreme acidification of the medium was that the cells regenerating thalli preferentially utilize ammonium as a nitrogen source without the depletion of nitrate in the early phase of culture.
Introduction
Cultured cells of bryophytes, especially in suspension culture, have recently been noted as ideal material for morphogenetic, physiological and phytochemical studies, because they grow abundantly with the retention of chloroplasts and possess characteristics that facilitate the simple control of morphogenesis1) and produce secondary metabolites2-4). Most bryophyte cultured cells grow heterotrophycally requiring both carbon sources and light5,6). However, heterotrophic cultured cells capable of growing in the dark with chlorophyll synthesis7,8) and photoautotrophic cultured cells capable of growing with only a supply of sufficient carbon dioxide have also been reported in a few bryophyte species9,10). Thus, bryophyte cultured cells are especially useful in the field of plant physiological studies.
As to morphogenesis in bryophyte cultured cells, regenerated thalli were obtained from calli by transferring them from an organic medium to an inorganic medium without carbon sources and phytohormones1,5). Previously, we presented that the liverwort, Marchantia paleacea var. diptera cultured cells did not regenerate any thalli under the above culture condition and the addition of CaCO3 or malic acid to the inorganic medium was required for morphogenesis6). However, almost no explanation was given about the cause of this phenomenon at that time.
The present paper describes growth characteristics and the relationship between morphogenesis and the utilization of nitrogen sources in M. paleacea var. diptera cultured cells.
Materials and Methods
Suspension culture
Marchantia paleacea var. diptera suspension cell line (MpK) was used in this study. The MpK suspension culture was established from callus tissues induced by culturing spores1). The suspension cells were maintained in the MSG 4 medium which consisted of major and minor salts and vitamins of Murashige and Skoog's medium (MS)10) containing 4% glucose and no phytohormones.
The suspension culture was routinely subcultured at 10-14 day-intervals by pouring about 2.0ml of cell pellets into 100ml of fresh medium in a 300ml Erlenmeyer flask. The flasks were placed on a gyratory shaker at 120rpm and 25C in continuous light (3000lux).
The solid medium for morphogenesis of suspension cells consisted of MS salts and vitamins, 0.5% glucose, 0.1% CaCO3 and 0.3% gellangum. Various concentrations (0-4%) of glucose or mannitol were added to the media to investigate the effect of sugar concentration for morphogenesis.
After autoclaving about 4ml aliquots of media were solidified in a Falcon petridish (60 x 15mm). One ml of cell suspension was plated on each medium and cultured in continuous light (2000lux).
The liquid media for morphogenesis were MS medium containing 0.5% glucose (MSG0.5) and MS medium containing 0.5% glucose with 0.1% CaCO3 (MSG 0.5 CO3) or 10mM malic acid (MSG 0.5Mal). These cells in a flask, were cultured under the same conditions as the suspension culture.
The pH of all media was usually adjusted to 5.8 before autoclaving.
Measurements of cell growth
For measurement of growth, 2g of cells (fresh weight) were pored into 500ml Erlenmeyer flasks containing 200ml of fresh medium and cultured under the same conditions as the subculture described above. For determination of cell dry weight, 5-10ml of the cell suspension was put on a pre-dried and preweighed Miracloth disc. The samples on the discs were dried at 80C for 24 hours and weighed. In cultures in a medium containing 0.1% CaCO3, the measurement was achieved after dissolving the residual crystals by the addition of 1N HCl solution to the medium.
The pH of a medium after suspension culture was measured prior to the determination of cell dry weight.
Determination of chlorophyll content
Cells were collected by filtering the suspension culture two or three days preceding the stationary phase. The cells (200mg in fresh weight) were ground in 0.8ml of 100% acetone and small amounts of CaCO3 with quartz sand using a mortar, followed by extracting the supernatant after centrifuging (30sec. at 200xg). The residue was ground again with 80% acetone and then the supernatant was removed. This manipulation was repeated until the green color disappeared from the extract. All extracts collected were centrifuged again (3 minutes at 750xg) following filtration through filter paper (Toyo No. 2) and diluted to a certain concentration with 80% acetone.
Absorbances at 645 and 663nm of the acetone extracts were determined with a Shimadzu Spectrophotometer (Model-UV-3000) and chlorophyll contents were calculated by the equation of Arnon12).
Assay of ammonium and nitrate in the medium
Ammonium was assayed by the phenol-sodium hypochlorite method and nitrate by high performance liquid chromatography (HPLC). HPLC was performed on Shimadzu LC-6A system and was run on Shim-pack CLC-ODS (M) (4.6 x 150mm) column at 50C with a flow rate of 1.5ml/min. monitoring at 210nm. The solvent system used was the mixture of KH2PO4 (10mM) and tetra-nbutyl ammonium hydroxide (0.7mM).
Results

Growth characteristics and chlorophyll content
As shown in Fig. 1 , the chlorophyllous suspension cells of M. paleacea var. diptera (MpK) in light condition entered an exponential growth phase without going through a clear lag phase just after days from the start of culture (mid-log phase), but it began to increase after 15 days (late-log phase) and reached a maximum of 8.45mg/g dry weight after 21 days (stationary phase). Thus, MpK cells were found to synthesize a large amount of chlorophyll at a late-log phase to stationary phase. 
Morphogenesis
In order to examine the morphogenesis of MpK cells, they were cultured in the liquid media of MSG 0.5, MSG 0.5 CO3 and MSG 0.5Mal.
After 10 days, many protuberances arose from a periphery of cell clusters in all media (Fig. 2 -A, C and E). However, protuberances which arose from culture on MSG 0.5 medium maintained the state of dedifferentiated cell clusters and soon died ( Fig. 2-B) . After 30 days, they developed into young thalli only in media with CaCO3 (MSG 0.5 CO3) or malic acid (MSG 0.5Mal) (Fig. 2-D and F) . Thallus regeneration of MpK cells also occurred in the medium which 50mM HEPES buffer was added to MSG 0.5 medium (data not shown).
Morphogenesis of MpK cells was also affected by sugar concentrations (Fig. 3-A) . Thallus regeneration occurred in cultures on the solid media containing 0.1% CaCO3 with 0-2% glucose or mannitol ( Fig. 3-B of culture, though a significant decrease in ammonium began after 12 days when compared with that of nitrate (Fig. 4-B) . In the case of MSG 0.5 medium, the pH of the medium dropped rapidly from its initial value of 4.8 to 3.1 within 4 days after transfer and once rose to 4.2 after 13 days, then dropped again to 3.2 ( Fig. 5-A) . Such a very acidic condition in the early phase of culture had a highly inhibitory action on the growth and morphogenesis of cells.
Therefore, the cells cultured under such a condition showed no thallus differentiation and died changing from green to brown within a month. The pH of the MSG 0.5 CO3 medium with 0.1
CaCO3 maintained at the 6.3-7.2 level throughout a growth cycle, while that of the MSG 0.5Mal medium with 10mM malic acid dropped gradually from its initial value 5.8 to 4.3 with the passage of culture (Fig. 5-A) . Cells were capable of surviving and differentiating thalli in these media.
The mode of depletion of nitrogen sources in MSG 0.5 CO3 medium for thallus differentiation was remarkably different from that of MSG 4 medium for suspension culture.
As shown in Fig. 5-B, the amount of ammonium in the medium decreased rapidly from the early phase of culture, though that of nitrate little changed throughout a growth cycle. Similar results were also obtained in culture in MSG 0.5Mal medium (Fig. 6) . Thus, when MpK cells were transferred into the medium for morphogenesis, they preferentially utilized ammonium as a nitrogen source without utilization of nitrate.
Discussion
The We are now engaged in experiments on establishing a photoautotrophic cell line from MpK cells and investigating its photosynthetic activity and nitrogen metabolism.
